The autonomous parvoviruses are small, non-enveloped, single strand DNA viruses. They occur in many species and they have oncolytic properties. We are modifying the capsid of feline panleukopenia virus (FPV), a parvovirus which normally infects feline cells, with the goal of targeting human tumor cells for potential cancer therapy. Using recombinant viruses transducing a luciferase reporter, we show that insertion of a cyclically constrained, integrin-binding peptide at an exposed position on the FPV capsid enables transduction of an ␣v integrin-expressing human rhabdomyosarcoma cell line (Rh18A). These cells were not transduced by virus
Introduction
Autonomous parvoviruses are small, icosahedral, single strand DNA viruses that replicate preferentially in tumor cells [1] [2] [3] [4] and, unlike the adeno-associated parvovirus, AAV, do not require a helper virus for replication. Several members of the rodent group of autonomous parvoviruses replicate efficiently in human transformed cell lines. 1 However, feline panleukopenia virus (FPV) and canine parvovirus (CPV) use different receptors from the related rodent viruses and these viruses have not been found to infect human cells efficiently. We hypothesized that FPV or CPV might be directed to novel receptors on human tumor cells by inserting peptide ligands for specific cell surface molecules into their capsid proteins. By this means such a virus might be targeted specifically to tumor cells in a patient to achieve virus-mediated cytotoxicity or therapeutic gene delivery. Detailed structural data from X-ray crystallography of virions of both CPV and the closely related FPV 5, 6 allow reasonable predictions as to positions where peptides could be inserted into the major capsid protein, VP2, and displayed on the virion surface. The crystallographic studies have shown that prominent spikes at the three-fold axes of symmetry of the virion are formed from polypeptide loops interwound among adjacent capsomers. These loops are with the unmodified FPV capsid. Transduction of Rh18A was specifically inhibited by an ␣v integrin blocking antibody. However, other human tumor lines expressing ␣v integrins were not transduced by virus with either the modified or unmodified capsid. We conclude that modification of the FPV capsid to bind ␣v integrins can contribute to, but is not generally sufficient for, redirecting infection to human tumor cells. The permissiveness of Rh18A cells presumably involves additional factors unique to this line among various human cell lines tested. Gene Therapy (2001) 8, 324-331. interspersed between the ␤-strand regions of VP2. 5 Here, we made insertions at the extremity of loop 2 where there was evidence that small peptide substitutions or insertions could be tolerated by the CPV capsid. 7, 8 We chose to target cell surface integrins in view of the fact that these molecules function as receptors for several viruses. [9] [10] [11] [12] In particular, integrins of the ␣v family can function as secondary receptors for both adenoviruses 9 and adeno-associated virus (AAV). 12 Furthermore, ␣v integrins are abundantly expressed not only by various tumor cells, 13, 14 but also by endothelial cells in tumorassociated vasculature. 15 Integrin ␣v␤3 is frequently upregulated on tumor cells during malignant progression. 13, 14, 16 Specific integrins participate in signal transduction by associating with components of the extra-cellular matrix (ECM -fibronectin, vitronectin, laminins, etc) via binding to well-characterized peptide motifs present in ECM proteins. [17] [18] [19] The corresponding synthetic peptides can compete for binding to the integrin. The most common binding motif (for various integrins, including ␣v␤3) is the sequence RGD (arg.gly.asp), the affinity for particular integrins being influenced by the amino acids flanking this motif. 19 Peptides containing these sequences bind integrins with greatly increased affinity if constrained in a cyclic conformation imposed by disulfide bridges, formed by flanking Cys residues. 20 Such peptides might be excellent candidates for retargeting a parvovirus if appropriately displayed on the capsid.
We previously showed that recombinant genomes derived from the rodent parvovirus, LuIII, could be pack-325 aged by capsids of FPV or CPV. 21 Transduction of a luciferase reporter gene in a packaged LuIII genome can thus be used as a sensitive assay for function of targeted cell surface molecules as virus receptors. Here, we establish proof-of-principle for parvovirus retargeting by showing that insertion of a particular integrin-binding peptide (C4-RGD) into the FPV capsid allows transduction of a human rhabdomyosarcoma cell line (Rh18A).
Results
Generation of recombinant virions with an FPV capsid, modified by insertion of integrin-binding peptides Recombinant parvoviruses are produced by cotransfection of a plasmid containing a partially deleted viral genome with one or more plasmids expressing helper functions, including the capsid proteins. 21, 22 We used an expression plasmid encoding VP1 and VP2 of FPV to generate modified capsids with peptide insertions at the extremity of loop 2 on the virion surface. 5 To facilitate characterization of the resulting viruses, the modified capsid proteins were used to package a recombinant parvovirus genome expressing a luciferase reporter gene, [21] [22] [23] as shown in Figure 1 . In this way, virion production could be assayed using PCR to detect the packaged recombinant genome and successful infection (transduction) of target cells could be determined by luciferase expression. We focused on modifying the FPV, rather than the CPV, capsid since preliminary results (not shown) indicated that this gave better yields of transducing virus.
We inserted synthetic oligonucleotides encoding either of two, 10 amino acid, peptides into the SpeI restriction site in the VP1/VP2 common sequence. This resulted in insertion of the peptide sequences between amino acids 226 and 227 (VP2 numbering) in the capsid proteins, as indicated in Figure 2 . Each peptide contained a cyclically constrained RGD integrin-binding sequence, 20, 24 designated C2-RGD or C4-RGD, where C2 and C4 refer to the number of cysteine residues. These peptides were chosen on the basis of their previously reported properties. 20, 24, 25 Peptide C2-RGD showed high affinity for ␣IIb␤3 integrin 24 and, when displayed on filamentous bacteriophages, conferred cell binding and penetration of the phages into human HEp-2 cells. 25 Peptide C4-RGD was identified by phage library screening as having high affinity for ␣v␤3 and ␣v␤5 integrins. 20 Plasmids expressing the above modified FPV capsid proteins were cotransfected with pGLuP38LUC2 into 324K cells and cell extracts plus culture medium were collected after 3 days (Figure 1 ). Quantitative PCR analysis using luciferase primers showed that the recombinant genome was packaged (protected from DNase) by the modified proteins (Figure 3 ). The yield of virions obtained from producer cells expressing FPV capsid proteins with the C4-RGD modification was decreased approximately 12-fold relative to those expressing wildtype capsid. A further two-fold decrease was seen with the C2-RGD modification (Figure 3) . Figure 4 shows the transducing activity observed in feline cells (CFK cell line; permissive host cells for FPV) after infection with recombinant virus with an unmodified FPV capsid, in comparison with virions generated using the RGD-modified capsids. Note that, in Figure 4a , where equal volumes of the virus preparations were used, the C4-RGD modified capsid gave three-fold increased activity over the wild-type, unmodified capsid, whereas the C2-RGD modified capsid gave decreased activity (approximately one twentieth the wild type). Allowing for the 12-fold decrease in yield ( Figure 3 ) these results imply that the C4-RGD modification produced a 36-fold increase in specific infectivity for CFK cells. To substantiate this conclusion, we repeated the transduction of these cells using equivalent multiplicity of infection (expressed as packaged genomes per cell) of virus with the wild-type and C4-RGD capsid, as shown in Figure 4b . The results directly demonstrated a 35-40-fold increase in specific infectivity due to the capsid modification (Figure 4b ), suggesting that a novel, perhaps integrin-mediated, interaction on the surface of these cells may have facilitated virus entry.
Transduction of human cells by virus with the C4-RGD modified FPV capsid
As we previously reported, 21 virions generated using unmodified CPV or FPV capsids gave no detectable 
Figure 3 Comparison of yields of recombinant virions containing the wild type (WT) or C2-RGD or C4-RGD modified FPV capsid by PCR assay of packaged DNA. Amounts of packaged GLuP38LUC2 DNA in DNase I-treated virions were determined by quantitative 'real-time' PCR, using luciferase primers and Taqman probe, by reference to linearized plasmid DNA standards (see Materials and methods). The bars show mean ± S.D. of six measurements (triplicate preparations of each virus, assayed in duplicate).
transducing activity in human cell lines. Upon initial screening for transduction of human tumor cell lines by the modified, recombinant viruses described above, we found that one line, the rhabdomyosarcoma Rh18A, showed efficient transduction by the C4-RGD virus. As shown in Figure 5a , Rh18A cells showed essentially no activity with virus having the wild-type FPV capsid, but expressed abundant activity after infection with virus having the C4-RGD modified FPV capsid. To confirm involvement of the inserted peptide sequence, we infected Rh18A cells in the presence of free C4-RGD peptide. As shown in Figure 5b , this peptide efficiently
Figure 4 Transducing activity in feline cells (CFK line) of recombinant virus containing the wild-type (WT), C2-RGD or C4-RGD modified FPV capsid. (a) CFK cells were infected with the viruses indicated, containing the GLuP38LUC2 genome, and luciferase assays were performed after 2 days (see Materials and methods). The bars show mean ± S.D. of nine measurements (triplicate infections with samples (0.1 ml) of triplicate preparations of each virus). The ordinate baseline represents approximately the luminometer background (also equal to values observed with control extracts of non-transduced cells). (b) CFK cells were infected with viruses having the wild-type or C4-RGD modified FPV capsid, as indicated, using equivalent multiplicity of infection, estimated from the amounts of packaged GLuP38LUC2 DNA (Figure 3). Luciferase assays were performed after 2 days; values shown are mean ± S.D. of triplicate infections.
inhibited transduction by virus with the C4-RGD modified FPV capsid (presumably by competing for binding to cell surface integrins). In contrast, the peptide showed no specific inhibition of transduction by virus containing the same recombinant genome, packaged with the LuIII capsid (Figure 5b ). (The latter allows transduction of various human cells, 22 including Rh18A (unpublished observations).) We also found that transduction by the C4-RGD virus could be specifically competed by addition of a purified integrin (␣IIb␤3), known to bind RGD motifs (data not shown), further confirming involvement Interestingly, the C2-RGD modification allowed transduction of Rh18A cells only with very much lower efficiency than the C4-RGD (see legend to Figure 5a ), further confirming that efficient transduction of Rh18A was a specific property of the C4-RGD peptide. The C2-RGD virus was not investigated further, in view of its low activity.
The C4-RGD modified virus was then tested for transducing activity in a panel of human cell lines, including melanomas, carcinomas and several other rhabdomyosarcomas, with the results shown in Table 1 . These cells mostly displayed little or no transduction, although certain lines variably showed a few percent of the activity seen in Rh18A cells. We had obtained Rh18A as a subline derived by passaging in other laboratories of Rh18 rhabdomyosarcoma cells. 26 Surprisingly, when we subsequently tested Rh18 cells, obtained from the laboratory where this line was derived from a rhabdomyosarcoma tumor, 26 we detected no transduction by the C4-RGD virus.
To authenticate their human origin, Rh18A cells were subjected to karyotypic analysis (Cytogenetics Core Facility, University of Colorado Cancer Center). This analysis indicated an aneuploid complement of chromosomes which showed specific hybridization with a human centromeric probe by fluorescence in situ hybridization. To exclude the possibility that transduction of a minor contaminant consisting of some other permissive cell type was being observed, we isolated single cell clones from Rh18A and tested these for transduction by the C4-RGD virus. Seven of eight clones were transduced with efficiency comparable with the parental R18A cell population (results not shown), indicating that this property was not restricted to a small subfraction of the cells.
Involvement of ␣v integrins in transduction of Rh18A cells The C4-RGD peptide binds integrins ␣v␤3 and ␣v␤5 with high affinity. 20 Expression of ␣v integrins by Rh18A cells was confirmed by subjecting these cells to flow cytometry after reaction with monoclonal antibodies recognizing ␣v␤3 (LM609), ␣v␤5 (P1F6) or pan-␣v integrins (L230) and fluorescein-conjugated secondary antibodies. Abundant fluorescence was observed with each antibody, confirming cell surface expression of these integrins (results not shown). We then examined whether the functionblocking 27 pan-␣v, L230 antibody would prevent transduction. As shown in Figure 6 , this antibody indeed strongly inhibited transduction of Rh18A by virus with the C4-RGD modified FPV capsid, but showed only minimal effect on transduction of these cells by the same recombinant genome when packaged by the LuIII capsid. These results confirm the involvement of ␣v integrins in transduction of Rh18A cells by virus with the modified capsid.
␣v integrins are expressed by cells of many human tumor types and ␣v␤3 is considered a marker of tumor progression. 13, 14, 16 Several of the cell lines negative for transduction in Table 1 have been reported to express ␣v␤3. We confimed by flow cytometry that the melanoma line, Hs294T, and the rhabdomyosarcoma line, Rh18, expressed ␣v integrins including ␣v␤3. Rh18 was also
Figure 6 Specific inhibition by the ␣v integrin-blocking antibody, L230, of transduction of Rh18A cells by recombinant virus with the C4-RGD modified FPV capsid. Cells were infected with virions containing the GLu-P4LUC1 genome, packaged either with the C4-RGD modified FPV capsid or with control LuIII capsid, in the presence of the indicated amounts of hybridoma supernatant containing L230 antibody (see Materials and methods). Luciferase assays were performed after 2 days. Results shown are mean ± S.D. of triplicate infections, expressed relative to activity measured without antibody.
positive for ␣v␤5. In these assays, both these lines displayed somewhat higher levels of fluorescence than did Rh18A cells with each of the anti-␣v monoclonal antibodies tested (results not shown). Since neither Hs294T nor Rh18 cells were transduced by the C4-RGD modified virus (Table 1) , these results taken together indicate that ␣v integrin expression is necessary but not sufficient for transduction of human cells by this virus.
Transduction of Rh18A cells by virus with C4-RGD inserted in either of the capsid proteins, VP1 or VP2 The FPV minor and major capsid proteins, VP1 and VP2, are normally translated from alternatively spliced mRNAs. 23, 28 However, in our recombinant system these proteins can be supplied from separate expression plasmids, 23, 29 enabling these proteins to be independently modified by peptide insertion. We generated recombinant virions with C4-RGD separately inserted into VP1 or VP2 at the same SpeI site in their shared coding sequence, with the other protein retaining the wild-type sequence. As shown in Figure 7 , equivalent transduction of Rh18A cells was observed regardless of whether the C4-RGD sequence was present only in VP1 or VP2, or in both proteins. We also generated a virus with insertion into VP1 of an alternative peptide that was identical to C4-RGD except that the central RGD motif (Figure 2) , conferring integrin binding, was replaced by a different trimer of amino acids (NGR). This control virus showed no detectable transducing activity for Rh18A cells, although it was able to transduce the feline, CFK, cell line efficiently (data not shown). This result again confirmed the specificity of the C4-RGD, integrin-binding peptide in enabling transduction of the Rh18A, human rhabdomyosarcoma line.
Figure 7 Insertion of C4-RGD into either the major (VP2) or minor (VP1) FPV capsid protein allows transduction of Rh18A cells with comparable efficiency. Rh18A cells were infected with recombinant virus containing the indicated combinations of wild-type (WT) or C4-RGD modified VP1 and VP2. The viruses were generated by transfection of producer cells with pGLuP38LUC2, together with pF-VP1, pF-VP2 23 or their derivatives encoding the C4-RGD modified proteins (see Materials and methods). Luciferase assays were performed after 2 days. The activities are shown relative to the activity seen with C4-RGD present in both VP1 and VP2. The bars show mean ± S.D. of four measurements (duplicate infections with samples of duplicate preparations of each virus).

Discussion
Autonomous parvoviruses of the rodent group preferentially replicate in, and kill, malignantly transformed cells. 3 They can also be used as vectors for gene delivery. 4, 22, 30 These viruses therefore have potential as therapeutic agents against cancer, either by exploiting their natural oncolytic properties or by using them for delivery of therapeutic genes. Prospects for in vivo use would be improved by viral modification conferring specific targeting of infection to human tumor cells. As an initial step in this direction we have shown that the capsid of FPV can be modified to allow infection (transduction) of a human rhabdomyosarcoma cell line that is normally refractory to this virus.
We inserted either of two integrin-binding peptides into the extremity of loop 2 of the FPV capsid. Packaging of recombinant parvoviral DNA was observed with either modification (Figure 3) , indicating that these insertions did not disrupt capsid assembly. However, the yields of packaged DNA were lower than with the wildtype capsid (Figure 3 ). Since we observed similar stability of transducing activity during prolonged storage of virus preparations with wild-type or modified capsid it is likely that the decreased yields were due to less efficient production, rather than lower stability, of the modified virions.
Using a luciferase transduction assay we showed that the modified viruses retained the ability to infect their normal host cells, ie the feline cell line, CFK. In fact, the C4-RGD insertion significantly increased transducing activity for these cells (Figure 4 ). More importantly, the C4-RGD virus was able to transduce the human rhabdomyosarcoma cell line, Rh18A, although these cells did not support transduction by virus with the unmodified, wildtype FPV capsid (Figure 5a ), nor by a control virus with an inserted peptide identical to C4-RGD except for a substitution of the central, integrin-binding RGD trimer (see last section of Results). Transduction of Rh18A by the C4-RGD virus was inhibited either by free C4-RGD peptide or by a pan-␣v integrin antibody (Figures 5b and 6 ), confirming dependence on interaction of the inserted motif with ␣v-integrin(s) on the cell surface. These results therefore establish proof-of-principle for targeting of the FPV capsid to human tumor cells.
We chose to use the extremity of loop 2 for peptide display both because of its location on the virion surface 5 and because studies in a baculovirus system suggested that modifications close to this position were well tolerated for CPV capsid production. 7, 8 We also showed that equivalent targeting of Rh18A cells could be achieved by insertion of C4-RGD into either the major capsid protein, VP2, or into the minor protein, VP1, at this same position in their common sequence. There are a total of 60 molecules of the capsid proteins per virion, approximately 10 of which are VP1. VP1 differs from VP2 only by the presence of an N-terminal extension of 143 amino acids. These results imply that the surface disposition of VP1 is similar to that of VP2, at least for the loop 2 region.
To our knowledge, this is the first report of the genetic modification of an autonomous parvovirus capsid to confer an altered host range via peptide insertion. However, insertion of essentially the same C4-RGD peptide as used here into the fiber protein of the adenovirus type 5 capsid conferred an expanded host range among human cells, Gene Therapy by circumventing the requirement for interaction of adenovirus vectors with their normal primary receptor on the cell surface. 31, 32 There have been several recent reports of experiments to modify the host range of the dependent parvovirus, AAV. [33] [34] [35] [36] Girod et al 35 made peptide insertions in the AAV capsid at putatively exposed positions (predicted by computer modeling of structural homology with CPV). Insertion of an integrin-binding peptide (derived from laminin) into one of six such positions enabled infection of cells normally refractory to AAV. Although this insertion did not interfere with virion production (as determined from the amount of packaged DNA), infectivity for cells permissive for AAV was reduced by at least 100-fold, while remaining 10-fold higher than that for the targeted non-permissive cells. It was not determined whether this was due to a general impairment of infectivity of the modified virus at some post-receptor level, or to impairment of binding to the normal AAV receptor or co-receptors. 12, 37, 38 Our results with modification of the FPV capsid differ in that we observed an increase in transduction of the normal CFK host cells with the C4-RGD peptide insertion, as well as targeting of transduction to the Rh18A human cell line with an efficiency approaching that seen in the CFK cells.
Our results indicate that interaction of the peptide displayed by the C4-RGD virus with cell surface ␣v integrin(s) was necessary for transduction of human Rh18A cells but that this interaction was not sufficient for targeting various other human tumor lines expressing ␣v-integrins ( Table 1 ). The basis for the unique permissiveness of Rh18A for the modified FPV capsid is unknown. A working hypothesis, that these cells may express a product which the modified virus can use as an ancillary receptor in conjunction with an ␣v-integrin, is being tested in gene expression studies in progress. With improvement in understanding of the mechanisms by which targeting can be achieved, capsid-modified parvoviruses should prove valuable as local delivery vectors in basic studies of gene function and as therapeutic agents for metastatic disease.
Materials and methods
Plasmids
Plasmid pF-VP, described previously, 21 expresses both the major and minor capsid proteins (VP2 and VP1, respectively) of FPV by alternative splicing of a common transcript from the viral P38 promoter. (These proteins share most of their amino acid sequence but VP1 has an N-terminal extension of 143 amino acids.) 28, 39 Plasmids pF.VP1 and pF.VP2, expressing either VP1 or VP2 alone, have also been described. 23 For most experiments, virions were produced containing the GLuP38LUC2 LuIIIluciferase genome (see Figure 1) , by cotransfection of capsid protein expression plasmids with pGLuP38LUC2 21 which expresses LuIII non-structural (NS) proteins. For some experiments, virions were produced containing the alternative GLuP4LUC1 genome 22, 40 by supplying NS helper functions from the additionally cotransfected plasmid, pRSVhel. 21 Insertion of sequences encoding C4-RGD or C2-RGD into FPV capsid protein expression plasmids We chose for insertions a position at the extremity of loop 2 5 where an SpeI site is present in the shared coding sequence of VP1 and VP2 (at VP2 nt 673). 21, 28, 39 Oligonucleotides encoding the C4-RGD amino acid sequence shown in Figure 2 were ligated into this restriction site in pFVP. The nucleotide sequences were chosen to incorporate the most frequently used codon for each amino acid in the FPV VP2 sequence. 28, 39 Oligonucleotides used were: 5Ј-CT AGT GGT GCA TGT GAT TGT AGA GGT GAT TGT TTT TGT GGT G (plus strand 42-mer; triplets indicate the codons) and 5Ј-CT AGC ACC ACA AAA ACA ATC ACC TCT ACA ATC ACA TGC ACC A (minus strand 42-mer; both from Gibco BRL, Life Technologies, Gaithersburg, MD, USA). These complementary oligonucleotides were designed with protruding ends (5Ј-CTAG) capable of annealing with the sticky ends of the cleaved SpeI site. The fifth nucleotide of the plus strand was T, and that of the minus strand was C, so that an SpeI site would be regenerated only at the left end of the insertion (with respect to the coding sequence). The mixed oligonucleotides (non-phosphorylated; 10 pmole each) were ligated with SpeI-cleaved pFVP (0.05 pmole) by a linker tailing method. 41 The plasmid was purified from excess oligonucleotides using a Wizard PCR column (Promega, Madison, WI, USA) and the tailed ends were then annealed in buffer containing 50 mm NaCl and 10% v/v DMSO, by slowly cooling from 70°C to room temperature. The product was transfected into E. coli, strain SURE (Stratagene, La Jolla, CA, USA) by electroporation and clones were screened for the correctly oriented insert by restriction mapping, and confirmed by automated DNA sequencing (Sequencing Core, University of Colorado Cancer Center).
Oligonucleotides encoding the C2-RGD sequence ( Figure 2) were: 5Ј-CT AGT GGT GGT TGT AGA GGT GAT ATG TTT GGT TGT GGT G (plus strand 39-mer) and 5Ј-CT AGC ACC ACA ACC AAA CAT ATC ACC TCT ACA ACC ACC A (minus strand 39-mer). These were inserted in a similar way except that, instead of linker tailing, the phosphorylated oligonucleotides (0.15 pmole each) were ligated with phosphatase-treated, SpeIcleaved pFVP (0.05 pmole). The correct insert was again confirmed by DNA sequencing.
Derivatives of pFVP1 and pFVP2 with the C4-RGDencoding oligonucleotide insertion were constructed by exchange of the relevant restriction fragment from pFVP with this insertion (details available on request).
Cell culture and virus production
Cell lines were grown in RPMI1640 with 10% NuSerum IV (Collaborative Biomedical Products; Becton Dickinson, Bedford, MA, USA) at 37°C in an atmosphere of 5% CO 2 . Virus production was as described 21, 22 using electroporation to cotransfect the 324K cell line (or, in some experiments, COS cells) with a plasmid containing a LuIIIluciferase recombinant genome and one or more plasmids encoding wild-type or modified FPV capsid proteins. Virus with the peptide insert in either VP1 or VP2 (Figure 7 ) was obtained by cotransfection with combinations of pF-VP1 or pF-VP2 23 with their derivative plasmids containing the C4-RGD insert. Virus stocks, consisting of combined culture medium and freezethawed extracts of the electroporated producer cells were stored at 4°C.
Assay for transduction of recipient cells
Recipient cells were seeded in 12-well plates (5 × 10 4 cells per well) one day before infection with virus samples diluted in medium (0.25 ml total volume per well). After 1.5-2 h at 37°C, with frequent swirling, more medium (0.75 ml) was added and incubation was continued for 2 days before luciferase assay (Promega kit with a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA, USA)).
For peptide competition (Figure 5b ), cells were infected as above for 2.5 h, in presence or absence of peptide, washed with PBS and then incubated with fresh medium for 2 days before luciferase assay. Since the C4-RGD peptide caused some cell rounding and detachment during the infection period, detached cells were recovered by centrifugation at the end of this period, washed, and returned to the well containing the fresh medium.
The hybridoma M-23 producing the pan-␣v, functionblocking monoclonal antibody L230 was obtained from ATCC (Rockville, MD, USA; catalog number HB-8448). For competition by this antibody (Figure 6 ), cells were infected as above in a total volume of 0.25 ml, containing up to 60 l culture supernatant from the hybridoma, for 2 h. The cells were washed with PBS and were then incubated in fresh medium for 2 days before luciferase assay.
Assay for DNA packaged in virions by quantitative realtime PCR To degrade any residual plasmid DNA, samples of virus stocks were first incubated with DNase I (Sigma, St Louis, MO, USA; crude; 200 g/ ml for approximately 4 h at 37°C followed by 15 min at 64°C to inactivate the DNase). 42 Control experiments involving addition of luciferase plasmid DNA showed that the DNase treatment was effective in eliminating any PCR signal from this source (data not shown). Serially diluted samples were then subjected to PCR using primers for luciferase (5Ј-TGGCCCTTCCGCATAGAA and 5Ј-TGATTGCC AAAAATAGGATCTCTG) together with a quenchedfluorescence-tagged Taqman probe 43 hybridizing to the luciferase sequence between the primers (5Ј-FAM.TGCCTGCGTCAGATTCTCGCATG.TAMRA). PCR was performed (ABI Prism 7700 Sequence Detector, PE Biosystems, Foster City, CA, USA) and quantification was obtained from cycle numbers for threshold appearance of fluorescence, relative to a standard curve for dilutions of linearized luciferase plasmid DNA amplified in parallel (PCR Core facility, UCHSC Cancer Center). Under PCR conditions viral DNA becomes available as template for amplification due to disruption of the virions during the initial incubation at 95°C. 21, 42 
